In recent years, the growing interest of aerospace companies in wireless structural health monitoring systems has led to the research of new energy efficient sources and power harvesting solutions. Among available environmental power sources, temperature gradients originated at different locations of the aircraft can be used by thermo-electric generators (TEGs) to create electrical voltage. TEGs are lightweight, provide high-energy conversion and do not contain movable parts. Thermal diffusion systems, commonly known as heatsinks, can be combined with TEGs to enhance their performance by increasing heat dissipation from a high temperature surface to the ambient air.
Introduction
In the last years, carbon fibre-reinforced plastic (CFRP) composite materials have been increasingly used in aerospace sector due to their good in-plane mechanical and lightweight properties. However, low velocity impacts can generate barely visible impact damage (BVID), micro-cracks and delamination, which can irreparably affect the integrity of composite structures. In particular, if the impact occurs at very low velocity, damage can be a mixture of splitting between fibres, matrix cracking, fibres fracture and internal delamination due to inter-laminar shear and tension. These damaged modes weaken the structure and can be completely invisible when viewed from the external impacted surface. Hence, automated prognostic and structural health monitoring (SHM) systems have become necessary in order to improve maintenance and thus, reduce costs.
In order to execute the monitoring of aircraft components, a number of sensing devices are needed at different locations of the aerospace vehicle where sensible data can be captured. The communication among sensors and a central computer (or other sensors) is then necessary to make information available for end-users. On operating aircraft, data is transferred by wires that, unfortunately, provide a large contribution to the overall weight and require expensive maintenance. Thus, in recent times, aircraft companies are interested to sensing networks able to transmit information wirelessly. Since wireless systems require electrical power-on-demand for a variety of sensing applications, micro-power generators can be considered as a valuable alternative to current sources of energy such as batteries and power supplies, as they can extract energy from the surrounding environment. However, whilst power harvesting systems have been widely developed and described in literature for large-scale applications such as wind turbines [1] , there is still a lack of technology for small-scale devices such as SHM systems for aerospace [2] , [3] . Aircraft structures generally waste a large quantity of energy, mainly originated from natural sources such vibrations and heat, which could be harvested and reused. As an example, electrical current can be obtained from temperature gradients available at different locations of the aircraft (e.g. surrounding the engine), which can be used by thermo-electric generators (TEGs). The harvesting of mechanical vibration energy has also been considered by a number of authors [4] , [5] , but thermo-electric applications, when available, have showed a higher power output [6] in the range of tens of mW and good reliability [7] . TEGs are suitable for aerospace energy harvesting since they are lightweight, do not contain movable parts and provide high-energy conversion. Thermal diffusion systems (also known as heatsinks) can be used to enhance TEGs performance by increasing heat dissipation from a high temperature surface to the ambient air. The improvement of heatsink cooling performance has been a central problem in the past few years [8] , [9] and [10] . The development of integrated circuits, such as central processing units (CPU) for home appliances (e.g. personal computers and graphic processor units), has led to an increase of heat generation so that high-performance heatsinks are needed [11] . Only recently, however, these studies have been applied to thermo-electric energy harvesting [12] , [13] , and the use of TEGs for powering a wireless SHM system can be still considered an early stage concept [14] . In order to simplify design and optimisation of a TEG-heatsink assembly, computational fluid dynamics (CFD) can be a powerful tool that is able of comparing several heat exchangers under the same boundary conditions [15] . So far, a number of CFD models have been proposed in order to consider the fluid-structure interaction between the examined device and the surrounding environment [16] . Most of these numerical simulations were focused on applications where forced convection is the main heat exchange mechanism [17] . However, in many aerospace applications, such as inside aircraft pylons, the air can be assumed steady so that there is a natural convection regime. This paper is focused on TEG performance improvement through a heatsink in order to make it able to feed a low-power wireless SHM system for aerospace applications. Firstly, a novel heatsink is designed and its performance is compared with a classic pin-fin heatsink through CFD analyses, by evaluating both temperature and power output of the TEG upon which they are applied. Then, CFD results are validated through a number of experiments and, finally, two novel heat diffusion systems are combined in a new assembly composed by copper heatsinks and highly oriented pyrolytic graphite layers in order to allow the TEG to reach operative power requirements. The paper is outlined as follows: in Section 2 thermo-electric generators (TEG) are presented. In Section 3 an optimisation process is performed in order to design a novel heatsink, whilst in section 4 the proposed heatsink cooling performance is compared to a classic configuration through computational fluid dynamics (CFD) simulations. Section 5 reports the experimental validation results and Section 6 introduces a TEG-heatsink assembly for SHM. The conclusions of this paper are discussed in Section 7.
Thermo-electric energy harvesting
The thermo-electric phenomenon is described by two main effects: the Peltier effect and the Seebeck effect. The Peltier effect is the heat generation caused by an electric current flow in the junction of two different conductors [18] . The Seebeck effect, opposite to the Peltier effect, is the electric current generation from a thermal gradient source [19] . The potential difference V, due to Seebeck effect, can be expressed as:
where T is the temperature gradient and α is the Seebeck coefficient, i.e. the variation of potential difference V due to a variation of temperature T. Thermo-electric generators (TEG), also known as Peltier elements, are used to harvest energy through the Seebeck effect. A TEG is composed by a number of thermoelectric couples of n-type and p-type semiconductors [20] placed electrically in series and thermally in parallel (figure 1) so that the aggregation of electrons and holes on the cold side (in the n-and p-type legs, respectively) and their diffusion on the hot side create an electrical current able to feed a resistance load. Considering both Ohm's law and Kirchhoff law applied to a circuit having a TEG as the voltage generator, the load potential difference Vload and the electrical current i can be expressed as:
where Rint is TEG internal resistance and Rload is the load resistance. Substituting eq. (3) into eq. (2) leads to:
The TEG power output that feeds the load, Pload, can be defined as:
and, thus, considering eqs. (4) and (1), it can be written as:
Once the TEG is chosen, the internal resistance Rint, the load resistance Rload and the Seebeck coefficient  are known properties so that the output power Pload only depends on the temperature difference T, and can be calculated by using eq. 
3 Natural convection air cooling heatsinks
Since the internal resistance and Seebeck coefficient are material (constant) properties of the TEG element, with reference to Eqs. (6) and (7) , the TEG power output can be increased by enhancing the temperature difference between its top and bottom faces. Since the hot face temperature of the Peltier element depends on the available heat source, that is generally fixed and cannot be controlled, the temperature difference can be increased only by decreasing the temperature of TEG cold face. Many thermal cooling methods have been developed in the past years [12] . In an aerospace environment, volume and weight must be kept as small as possible and, thus, several cooling strategies, including the use of liquid cooling systems have to be discarded. Hence, a suitable option for aerospace applications is air cooling through a heatsink placed on the cold face of the TEG. Considering an adiabatic indoor environment such as inside an aircraft pylon, the air can be assumed steady, so that natural convection is the main mechanism of heat transfer [21] . Since the heat transfer is a combination of conduction and convection (radiation can be neglected), the heatsink performance can be improved by choosing the right material and appropriate geometry. Thermal conduction can be improved by using a high thermal conductivity material. Copper and aluminium are the most common heatsink materials for aerospace application due to their ductility, good thermal properties and relatively cheap price. However, copper shows a thermal conductivity higher than aluminium (400 W/(mK) and 220 W/(mK), respectively) and, thus, considering a constant volume, it has a better performance in terms of conductive heat transfer. Convective thermal exchange, according to Newton's cooling law, can be enhanced by (a) increasing the temperature gradient between heatsink and ambient, (b) increasing the convection heat transfer coefficient and (c) increasing the surface area of the heatsink. The latter is the most achievable and cost-effective option. Hence, the focus of the proposed research was the design of a new heatsink geometry capable of enhancing the TEG cooling performance [22] .
Pin-fin heatsink optimisation
The most common heatsink configuration consists of a flat base with surface-mounted pins, so that the geometry of each pin can be modified to increase the heat transfer rate. In this work, a classic cylindrical pin heatsink ( Figure 4a ) was here set as a reference and, taking into account manufacturing limitations, a novel heatsink was created by keeping same weight and height ( Figure 4b and Table 1 ). In the interest of maintaining the manufacturing process as simple as possible, two basic pin cross-sections, circular and rectangular, were chosen and analysed in order to maximise the pin external surface (Table 1 ). An analytical optimisation process was carried out for both pin shapes so that an ideal characteristic dimension L (i.e. either the radius of the circular pin section or the length of the rectangular pin section) could be calculated. The expressions for the pin height H were deduced from the pin volume Vpin formulae: 
where t is the minimum thickness of the rectangular shape. Since, in the case of pins, most of the total surface area is given by the lateral surface area, the expressions for the pin external surface Spin can be simplified as:
Substituting Eqs. (8b) in Eqs. (9) yields:
The characteristic dimension was varied between 1 mm (manufacturing limit) and 10 mm and the results are showed in Figure 5 . According to the requirements and the manufacturing limits, the optimal characteristic dimensions were 1 mm and 3.2 mm for circular and rectangular pin sections, respectively. The rectangular pin showed a higher external surface and, thus, it was chosen as a pin shape for the novel heatsink. As reported in Figure 5b , the rectangular pin optimal length L was 3.2 mm. However, such a length value can be considered as an ideal case that requires high tolerance and can be realised, for instance, through additive manufacturing technology. In this research work, computer numerical control (CNC) machining was the available manufacturing process so that the characteristic dimension had to be increased to L = 4 mm. Hence, a new study was necessary to find the number of novel pins Npin that matches the total volume of the reference heatsink ( Figure 6 ).
The expression of the total volume Vtot allows to calculate the characteristic dimension L in function of the number of pins 
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where Hmax is the maximum height from reference (20 mm). The expressions for the heatsink external surface Sext can be written as:
Substituting Eqs. (11b) in Eqs. (12) yields:
4 Thermal CFD analysis in a natural convection environment
Numerical CFD simulation set-up
ANSYS Fluent was used to perform a number of 3D CFD simulations so that fluid-structure interactions could be numerically analysed. The whole assembly was set inside a box with dimensions 300 mm x 300 mm x 300 mm in order to neglect boundary effects. According to section 3, natural convection was considered as solid-fluid thermal exchange mechanism and, since the TEG-heatsink assembly was set inside a closed domain, a steady-state calculation was possible by using the Boussinesq model [23] [23] . In this model, density can be assumed as a constant in balance equations. The only exception is the density in the buoyancy term of the momentum equation, which can be approximated as follows:
where ρ0 is the constant density of the flow, T0 is the operating temperature, g is the gravity acceleration, and β is the thermal expansion coefficient. Eq. (14) is obtained by using the Boussinesq approximation:
in order to eliminate ρ from the buoyancy term. This approximation is allowed in the present case since (T − T 0 ) ≪ 1.
Thermal models were built with ANSYS Mechanical APDL software, whilst ANSYS Workbench allowed meshing the thermal system composed by the TEG and the heatsink ( figure 8 and table 3 ). Once boundary conditions were applied, the thermal solution was calculated using ANSYS Fluent. A fixed temperature of 100° C was applied to the TEG hot side and the ambient temperature was set at 25°C (figure 7). Table 3 . Summary of finite element models. A layer of insulant material was inserted between the TEG and the heatsink in order to take into account the air-filled regions due to the roughness at TEG-heatsink interface. MATLAB software was used to post-process temperature differences achieved in the numerical FE simulations in order to obtain TEG power outputs.
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Pin disposition choice and heatsink comparison via CFD
Once the shape and the number of pins have been chosen, thermal CFD simulations were performed in order to compare two novel pin dispositions and choose the best pin arrangement in terms of cooling effect on the TEG. Moreover, the cooling effect of the examined heatsinks was compared to a classic cylindrical pin heatsink. In a natural convection environment, considering an input temperature of 100°C on TEG lower face and 25°C as ambient temperature, the aligned rectangular pin heatsink allowed a TEG temperature difference ΔT of 22°C whilst the rectangular pin mixed disposition increased such a value to 22.7°C. The maximum TEG power outputs were 7.9 mW, 10.9 mW and 11.6 mW by using cylindrical pin heatsink, aligned rectangular pin heatsink and novel heatsink, respectively ( Figure 10 ).
Experimental validation of CFD results
Specifications and material properties
The two different heatsink geometries, introduced in section 3, were manufactured by following the same procedure, i.e.
fixing a number of pins on a flat base (table 2 and figures 3 ranging between 0  and 50 , and the resulting power outputs were calculated through eq. (5). A Fischer Elektronic siliconfree thermally conductive paste (WLPK-10) was used to improve the thermal coupling between TEG and heatsink.
Experimental TEG temperature difference and power output
Several experiments were carried out to validate the numerical CFD results in section 4, which are shown in figures 9 and 10. As in the numerical model, the hot plate and room temperatures were set at 100°C and 25°C, respectively Experimental tests showed that the introduction of the novel heatsink improved TEG natural convection cooling since it led to a measured temperature difference T of 20°C, nearly 2.3°C higher than cylindrical pin heatsink configuration. The measured TEG power output data was fitted using eq. (6) ( figure 12 ) so that maximum power output was 7.3 mW and 8.9
mW using classic and novel heatsink, respectively. It should be noted that experimental temperature differences resulted to be slightly lower than the numerical results. This could be due to temperature losses caused by manufacturing defects including stuck/stacked fin poor thermal contact and material impurities. These losses were not simulated in the numerical CFD model. 
Experiments at different TEG hot side temperatures
A number of experiments was carried out in order to understand how the hot plate temperature affected the TEG temperature difference and, in turn, the TEG power output. The hot plate was set at a constant temperature between 50C and 150C (see table 4 ) and both the classic and novel heatsinks were bonded on a single TEG as in section 5.2.Thermal results confirmed, once more, the higher cooling effect of the novel heatsink applied on the TEG cold face. With reference to figures 13 and 14, the increase of hot temperature led to a linear increase of temperature difference and a quadratic increase of maximum power output (in accordance with section 2). 6 TEG-heatsink assembly for wireless SHM applications
Introduction
In order to power a wireless SHM system, there is the necessity to further increase TEG power output (typically in the range of few mW) up to two/three times more [24] . Thus, a system including more than one heatsink can be a valid solution to enhance TEG temperature difference. However, in most of aerospace applications, the space available for heatsinks can be limited, or even not sufficient, due to the complexity of some SHM arrangements. This issue can be overcome by transferring the heat from the TEG to a location where heatsinks can be placed. A high thermal conductivity material can be used to link TEG and heatsinks so that the heat can quickly spread and dissipate. Based on these considerations, the heatsink assembly proposed in this work consists of two novel heatsinks placed on a copper sheet ( figure 15 ). By assuming that a quick heat transfer corresponds to a higher cooling performance, the heatsink system was improved by placing pyrolytic graphite sheets (PGS) on the copper plate. PGS have a very high in-plane thermal conductivity (1950 W/mK, see table 2) so that they can be used to enhance the heat spreading and, accordingly, the dissipation. By using the heatsink system composed by a combination of copper and PGS materials, the TEG power output could be sufficient to power a wireless SHM system.
Experimental results
The improvement of the TEG performance due to the novel heatsink led to the possibility of feeding a low-power electronic system, such as a wireless structural health monitoring (SHM) device. In order to reach the power requirements of tens of mW [24] , a heatsink assembly was created by combining two new heatsinks through a copper sheet and then placed on the TEG top side ( figure 15 ). Since heat diffuses from TEG to the heatsinks, the cooling performance of the assembly was improved by adding a layer of super-conductive material to the copper sheet in order to allow a faster heat transfer. Pyrolytic graphite sheets (PGS, table 2) were chosen to fulfil this task because of their very high in-plane thermal conductivity.
According to previous sections, a number of experiments was carried out and both TEG temperatures and power outputs were measured. The TEG temperature difference achieved with two heatsinks placed on a copper sheet was 29.3°C and the maximum power output of the device was 20.1 mW (figure 16a). PGS application increased the heat transfer and, accordingly, the power output. The PGS layer was firstly applied on the top face of the copper sheet (below the heatsinks, figure 16b ). TEG temperature difference increased to 29.8°C and, thus, the maximum power output increased to 20.5 mW. Then, PGS was applied on the bottom face of the copper sheet ( figure 16c ) and, once again, both TEG temperature difference and maximum power output increased to 30.4°C and 21.4 mW, respectively. This configuration gave the best results because PGS high in-plane thermal conductivity was more effective when the graphite was directly in contact with the TEG. The generated energy can be maximised by using an impedance matching circuitry between TEG (Rint = 1.5 ) and load [25] . The power output of the proposed device can be considered enough to feed a wireless SHM system suitable for aerospace structures (0.15 mW in inactive mode, 18 mW during transmission [24] ). Although the two-heatsink arrangement allowed the harvesting of a good amount of power, it is much heavier than the system involving only one heatsink (45 grams instead of 20 grams).
However, since a single aircraft data transmission cable has a weight of 32 g/m [26] and has a length of several meters, the proposed power harvesting system can be applicable for aerospace applications.
This paper focused on improving the performance of thermo-electric generators (TEGs) with heatsinks for low-power wireless SHM systems. With reference to a classic commercial heatsink with cylindrical pins, an optimisation process was here performed in order to retrieve the optimum pin shape and pin number. In this process, both pin height and heatsink volume were maintained constant and manufacturing limitations were taken into account. In order to reduce the manufacturing process and costs, two basic pin cross-section shape, rectangular (new) and circular (classic), were analysed and the pin external surface was maximised leading to an increase of the heatsink convective thermal exchange. By assuming a constant height (20 mm) and volume (68.2 mm 3 ) of the pin, the circular pin section with a radius of 1 mm (minimum dimension allowed from manufacturing) showed an external surface of 126 mm 2 , whilst the rectangular pin section with thickness of 1 mm and a length of 3.2 mm increased up to 165 mm 2 . In the case of rectangular pin shape, a pin length of 4 mm was obtained as a result of the optimisation process, so that a new study was carried out to calculate the number of pins necessary to match the reference heatsink volume. Although the reference heatsink was composed of 25 pins, leading to a total external surface of 3140 mm 2 , the new pin heatsink showed an augmented exchange area of 3921 mm 2 with only 19 pins. Two new pin arrangements, aligned and mixed, were studied through numerical CFD thermal analyses in order to select the optimal configuration in terms of the cooling effect on the TEG. TEG hot face temperature was set to100°C, whilst the surrounding environment was set at a temperature of 25°C with natural convection as heat transfer between air and heatsink. Numerical results showed that a TEG temperature difference T of 22.7°C was achieved using the heatsink with rectangular pin mixed disposition. Such a temperature difference value was enhanced of 0.7°C with respect to the aligned rectangular pin heatsink case and 4°C with respect to the classic cylindrical heatsink. Thus, the rectangular pin mixed disposition heatsink was chosen as novel heatsink. Moreover, since TEG internal resistance and Seebeck coefficient were known, power output could be calculated for every load condition. The maximum power output, depending on temperature difference, resulted to be increased by the new heatsink (11.6 mW) in comparison with the aligned pin heatsink (10.9 mW) and the classic heatsink (7.9 mW). The two heatsinks (classic and novel) were manufactured so that CFD simulation results could be validated through a number of experiments. The improvement due to the new heatsink was confirmed as the temperature difference resulted to be raised from 17.7°C to 20°C. Accordingly, maximum power output was increased from 7.3 mW to 8.9 mW. However, both experimental temperature differences and power outputs resulted to be lower than numerical results because CFD simulations did not consider heat transfer loss due to manufacturing defects. A different manufacturing process, such as casting, can lead to a TEG cooling performance improvement that is supposed to be greater in the new heatsink set-up, where the T drop resulted to be higher. Experimental campaign was extended as the hot plate temperature was varied between 50C and 150C, with a step of 25C in order to evaluate the effect of input temperature on TEG-heatsink assembly. The increase of hot temperature led to a linear increase of temperature difference and, as consequence, a quadratic increase of maximum power output. At every hot plate temperature, the new heatsink, compared to a classic heatsink with same weight, showed a higher cooling performance. In the last part of this work, two novel heatsinks were combined in a novel hybrid configuration so that the TEG could reach operative SHM power requirements of tens of mW. A number of experiments was carried out and results showed that placing two heatsinks on a bare copper sheet allowed to reach a TEG temperature difference of 29.3°C leading to a maximum power output of 20.1 mW. Hence, PGS were used to enhance heat transfer in the new heatsink configuration.
A PGS was placed between copper sheet and heatsinks and TEG T increased to 29.8°C so that the maximum power output was 20.5 mW. On the other hand, placing a PGS between copper sheet and TEG increased even more these two parameters that reached 30.4°C and 21.4 mW, respectively. The generated energy, regulated by a power management system, can be considered enough to feed a wireless SHM system for aerospace applications. Further, since the proposed TEG-heatsink assembly is very adaptable, it can also be tailored to other uses such as biomedical and military applications.
